includes, in addition to SP-D, surfactant protein A (SP-A) and non-lung protein members mannose-binding protein, bovine conglutinin, and CL-43.
SP-D has been shown to interact with a variety of pathogens and modulate part of the increasingly complex interplay between host inflammatory responses and invading organism. In vitro, SP-D enhances internalization of Escherichia coli, Streptococcus pneumoniae, S. aureus, and Aspergillus fumigatus conidia by phagocytes (6) (7) (8) (9) , regulates lymphocyte proliferation (10) , modulates chemotaxis and activation of macrophages (11) (12) (13) , and facilitates presentation of peptide antigen by dendritic cells to lymphocytes thus forging a link between innate and acquired immunity (14) . The spatial distribution of SP-D in the distal respiratory tract (15, 16) , previous in vitro studies demonstrating that the protein interacts with and modulates the function of macrophages, neutrophils, and lymphocytes, and in vivo data showing alterations in SP-D expression, can be induced by infectious and inflammatory stimuli makes it an ideal candidate for local regulation of lung inflammation (17, 18) . Furthermore, variations in frequency of SP-D alleles are associated with differing host responses in humans (susceptibility or protection) to some pulmonary diseases including chronic obstructive pulmonary disease, allergen hyper responsiveness, and viral infection (19) (20) (21) (22) .
Targeted disruption of the mouse SP-D gene has been reported by two different groups (23, 24) . In both cases, regardless of genetic background, the phenotype of the SP-D-deficient mouse (SP-D Ϫ/Ϫ) is associated with an elevation in the baseline level of pulmonary inflammation. SP-D Ϫ/Ϫ mice exhibit increases in the number and size of macrophages within the airways, alterations in surfactant phospholipid profiles, increases in metalloproteinase activity, enhancements in lymphocyte activation, and temporal accelerations in airspace enlargement (i.e., emphysema) (11, (23) (24) (25) (26) (27) . Subsequently, we have shown that the inflammatory response found in SP-D-deficient mice includes an increase in inducible nitric oxide synthase (iNOS) activity and NO production, as well as a shift in the reactive state of NO toward higher oxides (28) .
The intratracheal instillation of bleomycin (ITB) in rodents is an established model of subacute lung injury, inflammation, and fibrosis. Its toxicity is related to the production of free radicals that result in endothelial and epithelial cell damage, the appearance of DNA-damage inducible proteins, increased microvascular permeability, and respiratory distress with surfactant dysfunction (18) . ITB produces an initial inflammatory response marked by peak levels of tumor necrosis factor-␣ and transforming growth factor-␤ 7-10 days after injury mediated by increased activity of nuclear factor-B (29, 30 ) that corresponds with maximal inflammatory cell infiltrate and respiratory distress (18, 31) . From 14 to 21 d, a transition from inflammation to either extracellular matrix production and fibrosis or to tissue healing and repair ensues (18, (31) (32) (33) .
Previously, we had shown that administration of ITB to rats resulted in upregulation of SP-D protein content (18) . Given the antiinflammatory properties of SP-D and it association with altered NO metabolism, we hypothesized that the inflammatory response to bleomycin could be modulated by alveolar SP-D content. In this report, we demonstrate that ITB administration to SP-D-deficient mice results in increased mortality, in enhanced lung inflammation and tissue injury, and in alterations in nitric oxide metabolism. Furthermore, as proof of principle, mice constitutively overexpressing recombinant SP-D are protected from bleomycin-induced morbidity and mortality. These results establish a critical role for SP-D in the local modulation of the pulmonary inflammatory response to a noninfectious lung injury. Preliminary reports of some of these results have been published (34, 35) .
METHODS

Mouse Models
SP-D-deficient mice. SP-D-deficient mice produced by targeted ablation of the mouse SP-D locus have been previously described (23) . Mice bred to homozygosity were backcrossed 10 generations onto the C57BL/6 background. Age-matched wild-type C57BL/6 mice (WT) purchased from either Jackson Laboratories, Inc. (Bar Harbor, ME) or Charles River Laboratories (Wilmington, MA) were used as controls. SP-D-overexpressing mice. Heterozygous transgenic mice carrying 1 concatamer of the rat SP-D gene under control of the human SP-C 3.7-kb promoter element have been previously described (36) . These mice (termed SP-D OE), backcrossed on to the Swiss Black background, were mated with WT Swiss Black mice (Taconic, Inc., Germantown, NY) to generate 50% SP-D OE mice and 50% transgene negative littermate controls.
Experiments were performed using mixed populations of male and female mice (8-10 wk) housed in a barrier facility. All animal protocols were reviewed and approved by the Animal Care and Use Committee at the University of Pennsylvania.
Model of Intratracheal Bleomycin Injury
Mice (25-35 g) were anesthetized with 50 mg/kg intraperitoneal pentobarbital. With the use of an insulin syringe, 50 l of either lipopolysaccharide (LPS)-negative saline or clinical grade, sterile, and LPS-free bleomycin sulfate (1.0-3.0 U/kg; Bristol Myers Schwab, Princeton, NJ) were directly injected into the trachea as published (18, 31) . The incision was closed using surgical clips. Perioperative mortality in experimental animals was less than 2%.
Measurement of Pulmonary Function
Respiratory rates and tidal volumes were determined in conscious, unrestrained, spontaneously breathing mice in a whole-body plethysmograph (Buxco Electronics Incorporated, Troy, NY).
Preparation and Analysis of Bronchoalveolar Lavage
Total bronchoalveolar lavage (BAL) cell counts were determined using a Z1 Counter particle counter (Beckman-Coulter, Inc., Miami, FL) as published (37) . Differential cell counts were performed manually on cytospins stained with Dif-Quik (37) . The size (diameter) of each macrophage identified during differential counting was determined using an eyepiece objective containing a grid of known size and magnification (Model WH10X2-H; Olympus America, Inc., Melville, NY). Data were stratified into two groups, greater and less than 25 m in diameter, and recorded as a percent of total macrophage number.
Cell-free BAL supernatants were separated into two fractions by centrifugation as described previously (38) producing a biophysically active large-aggregate form in the pellet and a supernatant that contained soluble proteins and biophysically inactive surfactant forms (small-aggregate fraction. Total protein content of fractions was determined by the Bradford method with bovine IgG as a standard (39) . Phospholipid contents were determined by the method of Bartlett (40) .
Polyacrylamide Gel Electrophoresis and Immunoblotting
SP-D expression was determined by Western blotting using NuPAGE 10% Bis-Tris gels (Novex, San Diego, CA) as previously described (38, 41) . Bands visualized using enhanced chemiluminescence (ECL Kit; Amersham, Inc., Arlington Heights, IL) and a monospecific, polyclonal anti-SP-D (42) were quantitated by densitometry using Kodak 440 image analysis software as described (38) .
Solid-Phase ELISA for Nitrotyrosine and SP-A
Nitrotyrosine content of lung homogenates was determined by solidphase ELISA (immuno dot-blot) using a monoclonal anti-nitrotyrosine antibody (generous gift of Dr. Harry Ischiropolous, Children's Hospital of Philadelphia, PA) as described (28, 37, 43, 44) . Relative nitrotyrosine contents were calculated by comparison to a standard of nitrated bovine serum albumin.
SP-A content in total BAL fluid was determined in an identical fashion using the monospecific, polyclonal anti-rat SP-A antibody (PA3) (45, 46) as described (37) .
Nitrogen Oxide Measurements
The analysis of NO metabolites was performed using the Ionics/Sievers Nitric Oxide Analyzer 280 (NOA 280) as described (28) . Total NO was determined by treatment with an excess of vanadium chloride reducing nitrates and nitrites to release NO. Nitrite was measured independently using a KI and acetic acid mixture (47) and subtracted from total NO to obtain a calculated nitrate content.
Determination of Lung Inflammation and Fibrosis
Lung histology. Paraffin sections prepared from the lungs of WT and SP-D deficient mice as described previously were stained each with Trichrome and with hematoxylin and eosin.
Hydroxyproline Content
The right lungs of mice harvested at Day 21 were analyzed for hydroxyproline content according to the method of Brown and colleagues (48) . After hydrolysis and oxidation with chloramine-T (Acros, Morris Plains, NJ), color developed using Ehrlich's reagent was quantitated by absorbance at 570 nm. The amount of hydroxyproline was determined against a standard curve hydroxyproline (Sigma, Inc., St. Louis, MO).
Data Analysis
All parametric data from experimental and control groups were expressed as mean Ϯ standard error of mean (X Ϯ SE). Groups were compared using unpaired two-tailed Student's t test analyzed with a standard statistical software package (iStat3 for MacIntosh v 3.03; Graph Pad Software, Inc., San Diego, CA). In all cases, a p value of Ͻ 0.05 was considered significant.
RESULTS
Morbidity and Mortality Are Increased in SP-D-deficient Mice Receiving Bleomycin
Administration of intratracheal bleomycin at doses up to 2 U/kg produced a dose-dependent increase in mortality exclusively in SP-D (Ϫ/Ϫ) mice. As Figure 1 demonstrates, Kaplan-Meier analysis showed a 14-day mortality of 100% for SP-D-deficient mice receiving 2 U/kg ITB and 53% mortality at 1 U/kg compared with a 0% mortality for age-and sex-matched SP-D (Ϫ/Ϫ) mice receiving saline. C57BL/6 controls receiving ITB at doses up to 2 U/kg also had a 100% survival regardless of breeding source (Charles River or Jackson Laboratories).
The increased mortality observed in SP-D (Ϫ/Ϫ) mice receiving ITB was accompanied by systemic and pulmonary morbidity. At doses of ITB up to 2 U/kg, SP-D-deficient mice exhibited statistically significant weight loss at Days 6 and 9 after administration ( Figure 2A ). When assessed at 8 d after bleomycin injury, surviving SP-D-deficient mice were also found to exhibit greater degrees of respiratory distress as measured using respiratory 
SP-D-deficient Mice Demonstrate Increased Lung Inflammation after Bleomycin
Physiologic morbidity in ITB-treated SP-D (Ϫ/Ϫ) mice was accompanied by increased parenchymal lung inflammation and BAL cellularity. In Figure 3A , lung histology obtained at Day 8 (during maximum respiratory distress) showed increased inflammatory cell infiltrates in lung tissue in SP-D (Ϫ/Ϫ) mice receiving 1 U/kg ITB. The histopathologic changes were reflected by commensurate increases in total BAL cells in this group ( Figure 3B ). The threefold increase in total cell count in SP-D (Ϫ/Ϫ) mice receiving ITB consisted predominantly of macrophages with lesser amounts of lymphocytes. There were no statistically significantly differences in differential cell percentages between SP-D (Ϫ/Ϫ) and WT mice receiving ITB (data not shown).
The increase in cellular infiltration was accompanied by an increase in lung leak. On Day 8, BAL total protein was markedly elevated in ITB-treated SP-D (Ϫ/Ϫ) mice compared with either saline treated SP-D (Ϫ/Ϫ) mice or with WT mice that received ITB ( Figure 3C ).
Reactive Nitrogen Species and SP-A Are Increased in ITB-Treated SP-D-deficient Mice
Previous studies have shown that SP-D-deficient mice demonstrate increases in production of both oxygen radicals and reactive nitrogen species (11, 28) . When assayed at the peak of lung inflammation (Day 8), although WT and SP-D-deficient mice treated with bleomycin each show modest increases in total BAL NO production (Figure 4A ), the lung homogenates from bleomycin-injured SP-D (Ϫ/Ϫ) mice had a proportionately greater (twofold) increase in total lung nitrotyrosine compared with WT mice ( Figure 4B ). NO 2 Y staining of BAL cell pellets was similarly qualitatively increased (data not shown).
The SP-D and SP-A genes both map to the same chromosomal locus in the mouse (49) . Baseline levels of SP-A-in SP-Ddeficient mice are reported to be approximately 50 to 60% that of strain-matched controls (23, 28, 37) . To ensure that the inflammatory changes observed in SP-D-deficient mice were not accompanied by a commensurate loss of SP-A after ITB, immuno dot-blot analysis of total BAL was performed. Consistent with previous reports, when corrected for total protein content, The decreased mortality observed in SP-D OE mice receiving bleomycin was accompanied by less systemic morbidity. After ITB, SP-D OE mice exhibited less weight loss at 7, 10, and 13 d after administration ( Figure 7C ). The decreased morbidity and mortality observed in ITB SP-D OE mice occurred despite similar degrees of BAL cellularity. In Figure 8A , at 8 d, total BAL cell counts increased two-to threefold in both ITB-treated groups. There were no statistically significantly differences in cell percentages between SP-D OE and WT mice receiving ITB in which cell differentials were again composed of predominantly macrophages and lesser amounts of lymphocytes and neutrophils (data not shown). However, between various transgenic models of collectin-expressing mice, there was a striking difference in the morphology of the recovered macrophages after ITB. As Figure 8B demonstrates, DiffQuik staining of BAL cell pellets revealed that a significant portion of the macrophages obtained from ITB-treated littermates (WT) had increased size with a prominent foamy cytoplasm. In contrast, macrophages from SP-D OE mice receiving ITB appeared to be more normal in size and appearance. Quantitative analysis was done by identification and counting of macrophages in BAL cytopsins followed by stratification according to size. In BAL from ITB-treated WT mice, the percentage of macrophages greater than 25 m in diameter (3 times' normal size) was significantly increased (32 Ϯ 3% macrophages Ͼ 25 m for bleomycin-treated WT versus 18 Ϯ 5% for bleomycin-treated OE, n ϭ 30-50 macrophages/ cytospin sample ϫ 6-8 cytospins in each group, p Ͻ 0.01). Consistent with previously published data, SP-D (Ϫ/Ϫ) macrophages, which have baseline increases in size and granularity, developed further enlargement and more granularity than C57Bl/6 controls (not shown).
In addition to differences in macrophage appearance, basal overexpression of SP-D limited the changes in NO metabolism by the local lung environment observed previously in SP-D (Ϫ/Ϫ) mice receiving ITB. When assessed at Day 8 after injury, ITB increased total BAL NO levels in both Swiss-Black littermate controls (saline WT ϭ 138 Ϯ 10 pmoles NO versus ITB WT ϭ 246 Ϯ 39 pmoles NO, n ϭ 4-10, p ϭ 0.024) and in SP-D OE mice (saline SP-D OE ϭ 247 Ϯ 36 pmoles NO versus ITB SP-D OE ϭ 338 Ϯ 39 pmoles NO, n ϭ 6-8 per group, p ϭ 0.034). However, in contrast to both Swiss-Black littermate controls and SP-D (Ϫ/Ϫ) mice, despite the increase in the baseline total NO level, lungs from bleomycin-injured SP-D OE mice generated proportionately less 3-nitrotyrosine (NO 2 Y) in response to ITB. As shown in Figure 9A , when expressed as the ratio of NO 2 Y/ NO, overexpression of SP-D significantly limited the production of higher oxides of NO. Furthermore, the NO 2 Y/NO ratio had a significant positive correlation with the increase in macrophage size observed after ITB ( Figure 9B ). Collectively, these data indicate that in SP-D OE mice, the response to the ITB results in continued mononuclear cell recruitment to the lung, but that increasing amounts of SP-D also limit the amount of reactive nitrogen species generated in response to this stress.
DISCUSSION
A convincing body of data is emerging to support the role of SP-D in the modulation of antiinflammatory responses required to limit lung injury during infectious and inflammatory challenge. SP-D-deficient mice, previously generated by two different groups with the use of comparable transgenic technologies, each demonstrate alterations in surfactant component homeostasis accompanied by baseline inflammation within the lung manifested as peribronchiolar mononuclear infiltrates, increased BAL cellularity, macrophage activation, oxidative stress, matrix metalloproteinase production, and, ultimately, in premature emphysema. We have used mice derived from one of these lines and backcrossed to the C57BL/6 strain to study the response to bleomycin-induced lung injury. In a previous report, we found that SP-D-deficient mice had significant increases in the levels of large aggregate SP-B and phospholipid, a mild reduction in surfactant protein A content, increases in total BAL cells, and alterations in nitric oxide production and metabolism (28) . The results presented within this article extend these observations with new studies demonstrating that in the absence of SP-D protein, the murine lung demonstrates an exaggerated inflam- matory and fibrotic response to subacute lung injury produce by challenge with intratracheal bleomycin. ITB in SP-D (Ϫ/Ϫ) mice produced an increased total cellular influx in the lung parenchyma and alveolar space that was accompanied by abnormalities in nitric oxide metabolism with generation of 3-nitrotyrosine. This resulted in enhanced lung injury and increased mortality interact with and modulate the activity of a variety of effector cells in the lung (9) . SP-D can stimulate chemotaxis of macrophages, but appears to have no effect on monocyte migration. SP-D has also been shown to alter the state of macrophage activation in response to an inflammatory stimulus such as LPS and can affect the degree of macrophage apoptosis. After in vivo replacement of SP-D, either from the use of exogenous SP-D or in transgenic mice using inducible promoter systems, both surfactant lipid abnormalities as well as inflammatory mediators can be ameliorated (12, 36, 50) . Taken together, the data suggest a key role for SP-D in the local modulation of lung inflammation.
Previously, we had shown that administration of ITB to rats was also accompanied by an elevation in BAL SP-D protein levels (18) . Furthermore in many other animal models of infection and inflammation including Pneumocystis carinii pneumonia, antigen-mediated airways hyperresponsiveness (A. fumigatus or ovalbumin), and hyperoxia, the inflammatory injury is accompanied by selective increases in SP-D (17, 51, 52) . SP-D administered to mice sensitized with ovalbumin downregulates airway hyperresponsiveness and inflammation (53) . Similar findings have been observed in humans. Asthmatic patients subjected to segmental antigen challenge respond in part with increases in BAL SP-D (54) . In patients with cystic fibrosis, indices of inflammation (e.g., cytokine production) have been shown to correlate inversely with the level of SP-D found in the BAL (55) . Collectively, these findings support the notion that SP-D represents an acute phase response important to counteract proinflammatory events in the lung.
The SP-D-deficient mouse has been used to study the inflammatory response to pathogens. Previously, pulmonary infection of SP-D (Ϫ/Ϫ) mice by influenza A resulted in enhanced markers of inflammation (56, 57) . More recently, we have demonstrated that the SP-D-deficient mouse model had an increasingly susceptibility to pulmonary infection by P. carinii and that the pneumonia is accompanied by an increase in lung inflammation characterized by rises in BAL protein, wet-to-dry ratios, inflammatory infiltrates, and reactive nitrogen species production. Because of the known direct effects of many of these pathogens on the alveolar epithelium, we sought to extend the understanding of the role of SP-D in the counterregulation and control of inflammation using a noninfectious model of lung injury. ITB is a well-recognized model of subacute lung injury characterized by the production of both reactive oxygen species as well as pro-inflammatory cytokines. Administration of ITB to SP-D (Ϫ/Ϫ) mice resulted in enhanced mortality and markers of inflammation. Thus it is likely that these observations obtained in the SP-D-deficient mouse are independent of the inciting organism.
The protection from ITB observed in SP-D-overexpressing mice was associated with an increased level of SP-D in BAL at baseline and a further marked elevation at 21 d after injury. In contrast to littermate controls (WT), SP-D OE mice were protected from injury despite equivalent increases in mononuclear cell migration into the alveolar space ( Figure 8A ). However, in contrast to ITB-treated WT mice, macrophages from SP-D OE mice receiving ITB were shown to have marked differences in size and appearance. Cytologic examination of BAL cells from SP-D OE mice given bleomycin revealed a greater proportion of normal size macrophages with an absence of cytoplasmic granularity ( Figure 8B ). We had shown previously that in SP-D-deficient mice, the presence of large foamy macrophages was associated with increases in reactive oxygen species/ reactive nitrogen species (28, 37) . Interestingly, in this study, after ITB, for both groups larger macrophage size (Ͼ 25 m) was positively correlated with increased tissue nitrotyrosine, a marker of RNS production ( Figure 9 ). Furthermore, lungs from bleomycin-injured SP-D OE mice contained proportionately less NO 2 Y than did ITB littermate controls. These data suggest a critical role for SP-D in the modulation of lung inflammation via effects on NO metabolism and reactive oxygen-nitrogen species. Additional studies utilizing novel inhibitors of iNOS and NO production in vivo to further address this issue are in progress.
In summary, this report highlights the emerging importance of the lung collectin SP-D in modulation of the inflammatory response after subacute lung injury. The injury in response to ITB is associated with an enhanced oxidative-nitrative stress in the lung, which produces lung parenchymal injury that can be modulated by the level of alveolar SP-D. Based on the data presented in this study as well as studies the literature, inflammation in vivo appears to inversely correlate with alveolar levels of SP-D. This suggests that interventions such as the administration of SP-D either prophylactically or as therapy have the potential to limit the inflammatory response through effects of alveolar macrophages. Given the nature of the molecular mechanisms underlying bleomycin-induced lung injury, SP-D may have broader therapeutic implication in other forms for acute lung injury such as those produced by ischemia-reperfusion injury or hyperoxia.
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